red blood cell production, free radical defense, collagen synthesis, and iron metabolism, amongst others. [1] [2] [3] [4] [5] Although essential for life, excessive tissue copper can overwhelm the body's copper storage and transport proteins. 6 The subsequent accumulation of free intracellular copper, especially in its cupric form, results in oxidative stress, cell death, and inflammation. 4, 6, 7 The liver is frequently affected in states of copper overload, and progressive hepatic copper accumulation can result in cirrhosis and death. 7 In dogs, this syndrome is frequently termed copper-associated hepatitis (CAH). 7 Pathologic hepatic copper accumulation was first reported in Bedlington Terriers in 1975, 8 and the genetic basis has been well-described in this breed. 9, 10 However, CAH is now recognized in West Highland White Terriers, Dalmatians, Doberman
Pinschers, and Labrador Retrievers. 7, [11] [12] [13] [14] [15] [16] The pathogenesis is complex and poorly characterized for these dogs, but given the strong breed predispositions and histologic pattern of copper accumulation, a genetic basis is suspected. 7 In partial support of this, a recent study of Labrador Retrievers documented mutations in the coppertransporting ATP7B and ATP7A genes which were associated with increased or decreased risk, respectively, for development of CAH, but these mutations accounted for only 12% of total heritability. 17 Matings of West Highland White Terriers with increased hepatic copper concentrations have been reported to produce offspring with increased hepatic copper concentrations, but a clear pattern of inheritance was not identified. 15 Our observations, as well as those of others, suggest CAH has been diagnosed with increasing frequency during the past decade. 18 Furthermore, CAH has been identified in various pure-and mixedbreed dogs that are not typically considered predisposed to pathologic copper accumulation. 19, 20 These observations raise concern that increased environmental copper exposure could be contributing to disease manifestation. From the frequent use of copper piping in households to changing Association of American Feed Control Officials' (AAFCO) requirements for copper supplementation in dog food, the possibility for an environmental etiology exists. 21, 22 Dietary copper concentrations are associated with quantitative hepatic copper concentrations ([Cu] H ) in Labrador Retrievers with CAH. 23, 24 The presumed increase in CAH prevalence in Labrador Retrievers could be due to changes in the form of supplemental copper in dog food. 18 However, this speculation and the exact timing of potential changes have not been investigated in detail, nor have potential changes been investigated in other at-risk breeds. Although Labrador Retrievers are the most common purebred dog in the United States, mixed breed or mongrel dogs are thought to represent over 50% of the pet dog population in the Unites States. 25, 26 As such, an important knowledge gap also exists in breeds and crosses that are not typically considered to be at-risk for CAH. Pinschers, and Dalmatians, as well as dogs mixed or crossed with these breeds, were classified as the predisposed breed (PB) population given the well-documented occurrence of CAH in these breeds. 7, [12] [13] [14] [15] [16] Bedlington Terriers were excluded from study as disease etiology has been extensively characterized in this breed, 9, 10 and Skye Terriers also were excluded given the uncertain predisposition status and lack of available samples for the periods of interest.
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All other dogs were classified as the non-predisposed breed (NPB) Cases of submassive or massive necrosis, which potentially could include copper toxicosis but were more likely to represent other forms of acute hepatotoxicosis, were excluded because it is unknown if stored copper is maintained in necrotic hepatocytes. Infectious hepatitis cases were excluded because of the known cause of inflammation and unknown effect on copper homeostasis. The inclusion of such cases could potentially skew results if not balanced evenly between study periods. All remaining cases were scored using a previously described classification system for necroinflammatory liver disease and classified into hepatitis or non-hepatitis categories. 29, 30 Briefly, all cases with a necroinflammatory activity score of 1 (mild) or greater for the categories of (1) periportal interface hepatitis or (2) and they did not meet the above criteria for hepatitis.
| Quantitative Hepatic Copper Concentrations
Hepatic copper concentrations were determined on formalin-fixed and paraffin embedded tissue, which has been shown to provide similar values to fresh tissue, 32 using slight modifications of previously described methodology for deparaffinizaton and analysis (Braselton Many liver specimens from Labrador Retrievers were available for our study, likely due to breed popularity and risk of liver disease. It also has been suggested that Labrador Retrievers could serve as sentinels for environmental copper exposure. 18 As such, this breed was investigated for the continuous time period of 1982-2015 to allow a more detailed investigation of the timing of potential changes in
[Cu] H . Based on visual inspection of the scatterplot (Fig 1) , it is apparent that median [Cu] H , as well as the percentage of dogs with markedly increased copper concentrations, increased in the mid to late 1990s. However, the exact timing of changes is unknown. The analyses of Labrador Retrievers in this report share some similarities with The percentage of dogs with hepatic copper concentrations >300 μg/g, > 400 μg/g, and > 1000 μg/g for the various breed groupings are presented. The actual number of dogs are in parentheses. LR, Labrador Retrievers; N/A, not available; NPB, non-predisposed breeds; PB, predisposed breeds. a For Labrador Retrievers only, this grouping consisted of the years 2008-2015, not 2009-2015, to allow a more even distribution of cases in the latter 2 periods. Statistical comparisons were made within each row of data using Fisher exact testing. *P < .05 **P < .01 ***P < .001 Labrador Retrievers documented mutations in copper transport proteins that were associated with disease status; however, these mutations accounted for only a small portion of total heritability. 17 The potential role for environmental copper exposure in causing or contributing to CAH manifestation has been a subject of growing interest in recent years. 18 Since the 1970s, most homes built in the United
States contain copper piping which has the potential to corrode and leach over time. 39 Copper is also used in a variety of agricultural applications which could potentially result in soil or water contamination. 40 However, most focus has centered around dietary copper supplementation practices in the commercial dog food industry. Beginning in the 1970s, the Association of American Feed Control Officials (AAFCO) nutrient profiles, which were based on National Research Council recommendations, required a minimum amount of copper in pet dog food. 41 Many of these trace mineral requirements were extrapolated from non-species specific data. 42, 43 The published AAFCO profiles in 1997 required the use of copper sulfates or chelates in these premixes which were far more bioavailable than the previously utilized copper oxide. 21, 22 This was done despite there being no evidence to suggest clinical copper deficiency was a problem at the time. The nutrient profiles published in 2015 have increased copper requirements for growing and lactating dogs, and maximum thresholds have been removed for all dogs. 44 Since the original minimum requirements were established in the 1970s, it has been common practice in the commercial pet food industry to formulate mineral premixes to meet or exceed minimum requirements. These premixes are often added to the food without consideration for the copper already present in the ingredients. 18 Collectively, these practices could have led to increased die- 
